Abstract Regular exercise induces a variety of adaptive responses that enhance the oxidative and metabolic capacity of human skeletal muscle. Although the physiological adjustments of regular exercise have been known for decades, the underlying mechanisms are still unclear. The hypoxia inducible factors 1 and 2 (HIFs) are clearly related heterodimeric transcription factors that consist of an oxygen-depended a-subunit and a constitutive b-subunit. With hypoxic exposure, HIF-1a and HIF-2a protein are stabilized. Upon heterodimerization, HIFs induce the transcription of a variety of genes including erythropoietin (EPO), transferrin and its receptor, as well as vascular endothelial growth factor (VEGF) and its receptor. Considering that several of these genes are also induced with exercise, we tested the hypothesis that the mRNA level of HIF-1a and HIF-2a
Introduction
Regular endurance exercise induces a variety of adaptive responses that among others enhance the oxidative capacity and metabolic efficiency of human skeletal muscle. A consistent finding with endurance training is the increase in some of the main metabolism regulating enzymes, i.e. citrate syntase (CS), and lactate dehydrogenase (LDH a+b ) and muscle fibre capillarization (Saltin and Gollnick 1983) . Although the adaptive responses to regular exercise have been known for many decades, the regulatory mechanisms are still unclear. Our recent work has shown that following a single exercise bout, the mRNA level of several metabolic genes increases transiently, typically peaking a few hours into recovery, and returning to near pre-exercise levels 24 h after the end of exercise (Pilegaard et al. 2000 (Pilegaard et al. , 2003 . It has been proposed, that if the exercise bout is repeated frequently, the mRNA levels of metabolic genes will accumulate and in turn translate into more proteins (Willimas and Neufer 1996) . Our recent findings that PGC-1a transcription and mRNA content is transiently increased by a single bout of exercise imply that exercise-induced PGC-1a upregulation could be one important mechanism modulating training-induced mitochondrial biogenesis in human skeletal muscle (Pilegaard et al. 2003) . Another possible candidate involved in the activation of genes that are induced with exercise is the hypoxia inducible factor-1 (HIF-1). HIF-1 is a heterodimeric transcription factor that augments transcription of a variety of genes in response to hypoxia, including erythropoietin (EPO), transferrin (Tf), transferrin receptor (TfR), hexokinase I and II (HKI and HKII), phosphofructokinase (PFK-L), vascular endothelial growth factor (VEGF), VEGF receptor FLT-1, and lactate dehydrogenase (LDH a ), many of which are also augmented at the protein level with regular exercise training. The biological activity of HIF-1 is determined by the activity of its a-subunits (HIF-1a and HIF-2a), which are both increased with hypoxia in most cells [revised in Hopfl et al. (2003 Hopfl et al. ( , 2004 ]. HIF-1a is known to increase in hypoxic rat skeletal muscle (Stroka et al. 2001) whereas HIF-2a is uninvestigated in mammalian skeletal muscle. At present it is unknown as whether HIF-1a and/or HIF-2a expression is regulated by exercise alone in the absence of additional exposure to ambient hypoxia. If so, this will suggest that HIF-1 could be one of the important transcription factors controlling at least some of the adaptive responses for exercise in human skeletal muscle.
The purpose of the present study was to test the hypothesis that a single prolonged exercise bout increases HIF-1a and/or HIF-2a mRNA levels in the untrained leg while the expression of both HIFs should be reduced in the trained leg.
Methods

Subjects
Seven healthy, normally physically active subjects not involved in any type of endurance activities participated in the present study. The subjects ranged in age from 19 to 24 years and had an average height of 184±3 cm (mean ± SE) and a mean weight of 84±7 kg. After being given both written and oral information on the experimental protocol and procedures, the subjects gave their informed, written consent to participate. The study conformed with guidelines laid down in the Declaration of Helsinki and was approved by the Copenhagen and Frederiksberg Ethics Committee, Denmark.
Experimental design
A modified bicycle ergometer (Andersen and Saltin 1985) was applied for both one-legged and two-legged knee extensor exercise. Before initiating the training period, each of the subjects completed a one-legged knee extensor exercise performance test with each leg separately to determine the maximal load that could be maintained for 2 min (2 min max). The leg to be trained was chosen randomly. The subjects trained 5 days/week for 4 weeks by one-legged knee extensor exercise. The first training session was performed at 70% of 2 min max until exhaustion (about 1 h). As performance was increased over time, the resistance was increased keeping the duration approximately the same.
The subjects were provided with a standardized dinner and evening snack meal the day before the experiments. On the day of experiments, the subjects arrived at the laboratory after consuming a light breakfast. A resting muscle biopsy was taken (about 2.5 h after breakfast) from the middle portion of the vastus lateralis muscle of each leg using the precutaneous needle biopsy technique with suction (Bergstrøm 1962) , and immediately frozen in liquid nitrogen and stored at À80°C. The subjects performed two-legged knee extensor exercise for 3 h at the one-legged 2 min max of the untrained leg (i.e. per leg, 50% of the 2 min max of the untrained leg). Additional biopsies were obtained from both legs at the end of exercise and after 2, 6, and 24 h of recovery. Food intake was restricted throughout the experiment until after the 6 h biopsy after which the subjects were provided with standardized meals including dinner and breakfast the next morning (2.5 h before the 24 h biopsy). For a more detailed description see Pilegaard et al. (2003) .
RNA isolation and reverse transcription
Total RNA was isolated from about 20 mg of tissue by a modified guanidinium thiocyanate-phenol-chloroform extraction method adapted from Chomczynski and Sacchi (1987) as described previously (Pilegaard et al. 2000) . The reverse transcription reaction was performed by using the Superscript II Rnase H -system and oligo (dT) primers (Invitrogen, Carlsbad, CA, USA), as described previously (Pilegaard et al. 2000) .
PCR
HIF-1a and HIF-2a mRNA was quantified by fluorescence-based real-time PCR (ABI PRISM 7900 Sequence Detection System, Applied Biosystems). Forward (FP) and reverse (RP) primers and TaqMan probes were designed from human specific sequence data (Entrez-NIH and Ensembl, Sanger Institute) using computer software (Primer Express, Applied Biosystems). One oligonucleotide from each set was designed to span an exon-exon junction, eliminating the possibility of amplifying genomic DNA. The following sequences were used to amplify a fragment of HIF-1a FP: 5¢ GCCCCAGATTCAGGATCAGA 3¢; RP: 5¢ TGG GACTATTAG-GCTCAGGTGAAC 3¢; probe: 5¢ ACCTAGTCCTTCCGATGGAAGCACTAGACAA 3¢, and of HIF-2a FP: 5¢ GCCACCCAGTACCAGGACT ACA 3¢; RP: 5¢ CCTCACAGTCATATCTGGTCAG TTCG 3¢; probe 5¢ TCAGCCCACAAGGTGTCAGG CATG 3¢. The probes were 5¢ 6-carboxyfluorescein (FAM) and 3¢ 6-carboxy-N,N,N¢,N¢-tetramethylrhodamine (TAMRA) labelled. Prior optimization was conducted determining optimal primer concentrations, probe concentration and verifying the efficiency of the amplification. The expected size of the PCR product was confirmed on a DNA 2.5% agarose gel. GAPDH was amplified for use as endogenous control using a predeveloped assay reagent (Applied Biosystems). As reported previously, GAPDH levels were not influenced by either the exercise protocol or the training (Pilegaard et al. 2003) , and has recently been validated for this type of studies (Lundby et al. 2005) .
PCR amplification was performed (in triplicate) in a total reaction volume of 10 ll. The reaction mixture consisted of 1 ll diluted template, forward and reverse primers and probe as determined from the prior optimization, 2X TaqMan Universal MasterMix optimized for TaqMan reactions (Applied Biosystems; containing AmpliTaq Gold DNA polymerase, AmpErase Uracil Nglycosylase, dNTPs with dUTP, ROX as passive reference and buffer components), and nuclease-free water. The following cycle profile was used for all genes: 50°C for 2 min + 95°C for 10 min + [95°C for 15 s + 60°C for 1 min] · 40 cycles. A serial dilution from a representative sample was made samples and these samples were amplified together with the unknown samples and used to construct a standard curve from which the threshold cycle numbers of the unknown samples were converted to relative amounts.
Statistics
The mRNA contents were normalized to GAPDH mRNA levels. For statistical analysis, ratios were log transformed and two-way ANOVA for repeated measures was used to evaluate the effect of time and training state on the response of mRNA content and one-way ANOVA for repeated measures was used to evaluate the effect of time for each leg separately. Student-NewmanKeul post hoc test was used to locate differences. A paired t test was used to compare the pre-exercise mRNA content in the untrained and trained legs. Differences were considered significant at P<0.05. Samples were expressed relative to pre-sample in the untrained leg, which was set to one. Values in figures are mean ± SD.
Results
Performance
After training, knee extensor exercise at the load used in the first session (70% of 2 min max) could easily be sustained for more than 100 min with the trained leg (before training, exhaustion occurred after approximately 60 min). Average time to exhaustion in an all-out bout at about 110% of the 2 min max resistance of the untrained leg was significantly improved by training (3.6±0.7 min for the untrained and 7.2±1.7 min for trained).
Content of mRNA (Fig. 1) Skeletal muscle biopsies were taken from the untrained and the trained leg before (pre), immediately after prolonged exercise (0 h) as well as after 2, 6, and 24 h of recovery. In the untrained leg, the exercise bout induced an increase (P<0.05) in HIF-1a and HIF-2a mRNA at 6 h of recovery relative to before exercise. Compared with rest, the peak increase was approximately tenfold for HIF-1a, and fivefold for HIF-2a and the inductions were no longer apparent after 24 h of recovery. In contrast, in the trained leg, there were no exercise-induced transient increases in either HIF-1a or HIF-2a mRNA during recovery from the prolonged exercise bout. 
Discussion
The present investigation tested the hypothesis that exercise increases the mRNA expression of HIF-1a and HIF-2a and that previous regular endurance training reduces this response. This was tested by obtaining biopsies from the vastus lateralis muscle before and at the end of 3 h of exercise as well as during 24 h of recovery in a previously trained and an untrained leg from the same subject. The main findings are that (a) in the untrained leg, a 3 h knee extensor exercise bout increased HIF-1a and HIF-2a mRNA transiently, while (b) an exercise-induced increase was not present in the trained leg. These observations show that the mRNA expression of HIF-1a and HIF-2a is increased with acute exercise, and imply that upregulation of HIF-1a and HIF-2a might be important in regulating the early adaptive response to endurance training.
Choice of exercise intensity
The quadriceps training induced increases in peak work rate of 24% (Mourtzakis et al. 2004) , and the relative load on the trained versus the untrained leg was therefore also different during the 3 h two-legged exercise. The subjects performed two-legged knee extensor exercise for 3 h at 87±5 W, and as the two legs performed similar amount of work (Pilegaard et al. 2003) , i.e. approximately 43.5 W per leg, then the relative exercise intensity for the untrained leg was 54 and 44% for the trained leg. This difference in intensity may have influenced the results, as it is well known that the choice of exercise intensity among others influences the contribution of aerobic versus anaerobic metabolism and fuel utilization. However, the differences in exercise intensities are small and may be of minor relevance. An advantage of choosing the two-legged kicking ergometer for this study is that O 2 and substrate availability as well as hormones to the exercising legs are equal.
HIF-1a and HIF-2a presence in muscle tissue
The presence of HIF-1a mRNA and protein in animal muscle tissue is well known (Wiener et al. 1996; Stroka et al. 2001) , and also human muscle tissue has previously been shown to contain HIF-1a mRNA (Vogt et al. 2001) . The distribution of HIF-2a mRNA has, however, only recently been investigated in various rat tissues (Wiesener et al. 2003 ) and the authors of that study concluded that HIF-2a mRNA is widespread in microvascular endothelial cells (Wiesener et al. 2003) , and is thus likely also present within human muscle. Accordingly, the present study is the first to show the presence of HIF-2a mRNA in human skeletal muscle.
HIF-1a and HIF-2a regulation in muscle tissue
The main trigger for HIF accumulation is hypoxia. Under normoxic conditions HIF-1a has been shown to be rapidly ubiqutinated and subjected to proteasomal degradation (Jewell et al. 2001) . With hypoxia however, HIF is stabilized and accumulates in the nucleus [reviewed in Hopfl et al. (2004) ]. Thus, in exercise, the easiest answer to how HIF-1 is induced would be tissue hypoxia. However, whether tissue hypoxia is present as a consequence of exercise is debated. For many years the consensus was that intracellular PO 2 (PiO 2 ) declines as exercise intensity increases (Connett et al. 1984; Gladden 1996) . Most of the earlier reports on reduced PiO 2 with exercise were based on concomitant increments in blood lactate, and thus assumed anaerobiosis to be a result of lowered PiO 2 . More recent measurements of PiO 2 assessed by myoglobin desaturation by MRS technology have revealed that (1) at the onset of graded exercise PiO 2 is reduced in some subjects, but not in all, and (2) beyond 50-60% of maximum work the variability in PiO 2 is greatly reduced and falls to a relatively uniform low level of about 4 mmHg. As with the early lactate measurements, this suggests that PiO 2 does not decrease linearly with increasing metabolic rate (Richardson et al. 2001) . Although PiO 2 appears to decline with increasing work rates, this does not necessarily impair the oxygen gradient from blood to cell. At rest mean capillary PO 2 is about 40 mmHg (Richardson et al. 1999a ) and PiO 2 is around 8 mmHg (Mole et al. 1999) equivalent to a pressure gradient of 32 mmHg. At maximum exercise, end capillary PO 2 declines to approximately 35 mmHg (Richardson et al. 1999a) , and PiO 2 to 4 mmHg (Richardson et al. 1995) , which equals a pressure gradient of 31 mmHg. Thus, despite PiO 2 is halved in the transition from rest to maximum work rates, the pressure gradient seems relatively unaffected, and may thus also leave oxygen conductance unchanged. Interestingly, Honing's group suggested in the early 1990s that the distribution of oxygen within the muscle might be more uniform with exercise than at rest by increasing flow to less perfused areas, and thus 'protecting' against regional tissue hypoxia (Honig et al. 1991) . In contrast to the reduced PiO 2 this would imply an even better oxygenated muscle with exercise compared with the resting muscle. The HIFa mRNA induction in the present exercise studies does not seem to depend on tissue hypoxia. Firstly, the induction of HIF-1a and HIF-2a mRNA occurred 6 h into recovery where muscle hypoxia must be assumed to be non-existing and thereby unable to induce the changes. Secondly, it also seems unlikely that there should be differences in oxygenation levels at rest between a trained and untrained muscle, and alternative mechanisms appear to explain the exercise-induced augmentations in HIF-1a and HIF-2a mRNA. Therefore, the induction signal should be sought for elsewhere. HIF-1 mRNA expression can be augmented by other factors than tissue hypoxia, and includes interleukin-1b (IL-1b), insulin like growth factor (IGF) I and II, insulin, heregulin, epidermal growth factor, TNFa, angiotensin-2 (Feldser et al. 1999; Hellwig-Burgel et al. 1999; Laughner et al. 2001; Zelzer et al. 1998; Zhong et al. 2000; Richard et al. 2000; Gorlach et al. 2001) , and also nitric oxide (NO) has been shown to be a molecule capable of inducing HIF-1. Of these TNF-a, IL-1, and insulin are known to be increased only little after a single prolonged exercise bout (Rennie et al. 1976; Ostrowski et al. 1999) , whereas IGF-1 (Ehrnborg et al. 2003) and NO (Joyner and Tschakovsky 2003) are elevated more markedly. With the present studies it is however impossible to determine if any of these molecules are involved in the exercise-induced increases in HIF-1a or HIF-2a mRNA. However, the present findings show for the first time that exercise in normoxic conditions can elevate HIF-1a and HIF-2a mRNA during recovery suggesting that exercise in itself may elicit regulation of the HIFa genes in human skeletal muscle. One previous study has investigated the effects of a single exercise bout on HIF-1a mRNA content. In that study a muscle biopsy was obtained 30 min into recovery after a 45 min one-legged kicking exercise regime, and revealed no increases in HIF-1a mRNA (Gustafsson et al. 1999) . In the present study, we report a transient increase in HIF1a/HIF-2a mRNA after an acute 3 h exercise bout at $50% of maximum capacity exercise in normoxic conditions. Specifically, HIF-1a/HIF-2a was unchanged immediately at termination of exercise and also after 2 h into recovery and thus in accordance with the previous findings (Gustafsson et al. 1999) . However, after 6 h of recovery HIF-1a/HIF-2a mRNA was increased approximately tenfold and fivefold, respectively, compared with prior to exercise, and declined back to preexercise values after 24 h of recovery. These observations lead to the question what could be the stimulus associated with exercise eliciting the HIF gene responses, and what could be the functional role of such exerciseinduced increases in HIF protein.
Overall, the effect of increased HIFs is to increase oxygen delivery and the metabolic potential of the cell, and similar adaptive responses are known to occur with regular exercise training, and a possible role for HIFs to increase after a single exercise bout could be to activate the transcription of target genes. The specific DNA sequence to which HIFs binds is referred to as hypoxic response element (HRE) and is located in promotor or enhancer sequences of HIFs target genes, where binding leads to upregulation of that specific gene. Target genes in various tissues include EPO, Tf, TfR, HKI and HKII, PFK-L, VEGF, VEGF receptor FLT-1, heme oxygenase (HO)-1, and the LDH a gene. Of these the expression of several is augmented with acute and/or regular exercise training (Saltin and Gollnick 1983; Richardson et al. 1999b; Koval et al. 1998; Pilegaard et al. 2000) . The increases in HIF-1a/HIF-2a mRNA in the untrained leg during recovery in the present study were associated with a similar time course of HKII mRNA induction (Pilegaard et al. 2003) , whereas total VEGF mRNA was augmented immediately at termination of exercise and remained elevated until 6 h of recovery in the untrained leg. Although the present data suggest that transcriptional regulation of HIFas is not a major mechanism controlling the VEGF gene response to prolonged exercise, this does not rule out that regulation of HIFs protein stability could be important in inducing the VEGF gene in response to exercise; and obviously, other factors than HIFs could be regulating the exercise-induced responses of VEGF. Such a possible VEGF induction by the exercise-induced increases in HIF-1a/ HIF-2a, may result in an increased capillarization, which will allow the mean transient time of the red blood cell to decrease when passing the muscle capillaries. In turn, this increases the time available for O 2 and metabolite extraction. Another exercise related advantage associated with genes activated by HIF-1a/HIF-2a is the potential increase in glycolytic flux within the mitochondria.
HIF-1a/HIF-2a mRNA and chronic exercise training
The effect of exercise training on HIF-1a mRNA content in human skeletal muscle has been investigated in two previous studies (Vogt et al. 2001; Ookawara et al. 2002) . In agreement with the present study, an intensive training regime lasting 3 months (Ookawara et al. 2002) has been reported not to affect the resting HIF-1a mRNA content 48 h after the last training bout. In addition, the observations by Vogt et al. (2001) that HIF-1a mRNA was increased by hypoxic training, but not by normoxic training, in muscle biopsies obtained 24 h after the last exercise stimulus are also in line with the present finding that the HIF-1a mRNA levels were similar in the untrained and trained muscle 24 h after the acute exercise bout. The lack of training-induced increases in resting HIF-1a mRNA (Vogt et al. 2001; Ookawara et al. 2002 ) (and present study) and HIF-2a mRNA (present study) supports the present observations that the HIFa mRNA levels returned to pre-exercise values at 24 h of recovery, demonstrating that due to the time course of the HIFa mRNA responses to exercise, training-induced accumulations of HIF-1a and HIF-2a mRNA are not to be expected with this type of training stimulus.
Conclusion
The main conclusion of the present study is that HIF1a and HIF-2a mRNA is increased transiently with a single bout of endurance exercise, and that this response is blunted after a previous 4 week training period when the exercise is performed at the same absolute exercise intensity. These observations imply that the mRNA expression of HIFs is increased with acute exercise, and thereby may be an important transcription factor involved in the adaptive response to endurance training.
